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Two loess sections from the Upper Palaeolithic site of Kammern-Grubgraben (Lower Austria) were
analysed to test geochemical proxies, as well as radiocarbon data of different components, for their re-
liability and consistency in an archaeological context. Only a reliable basal age (28.9-27.8 ka cal BP)
was obtained from charcoal fragments derived from a tundra gley underlying the archaeological hori-
zons and assigned to Greenland Interstadials 3 or 4. Grain size, organic and inorganic geochemistry,
and stable isotopes of the fine organic fraction (813C0rg) and of rhizoconcretions (813C, §'80) were
analysed to provide information on palacoenvironmental conditions. Low-resolution geochemical and
sedimentological analyses document a humidity-related variability, while & 13COrg values indicate pre-
dominant C3 vegetation. High-resolution elemental variations derived from X-ray fluorescence scan-
ning exhibit increasing Ca and decreasing Fe and Ti values, indicating drier conditions towards the
top. Secondary pedogenic carbonate concretions provide post-sedimentary (Holocene) ages and are
not suitable for assessing climate and environmental changes for the Palaeolithic.

Ziel dieser Studie ist es, geochemische Proxies sowie verschiedene Materialien fiir die
Radiokohlenstoff-Datierung auf ihre Zuverldssigkeit und Konsistenz an zwei LoBprofilen aus der
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palédolithischen Fundstelle Kammern-Grubgraben in Niederdsterreich im archédologischen Kontext
zu testen. Nur vereinzelte Holzkohlestiickchen lieferten hierfiir ein zuverldssiges Alter (28,9—
27,8 kacal BP). Es stammt aus einem Tundra-Gley von der Basis des Profils, unterhalb der archiolo-
gischen Horizonte und wird dem Gronland-Interstadial 3 oder 4 zugeordnet. KorngréBen, organische
und anorganische geochemische Analysen, sowie Analysen der stabilen Isotope an der organischen
Feinfraktion (§'*Core) und an Wurzelkonkretionen (8'3C, §!80) wurden vorgenommen, um Infor-
mationen iiber Palaoumweltbedingungen zu erhalten. Die geochemischen Proxies (CaCOs, TOC-
Gehalte und C / N-Verhiltnisse) weisen auf Variationen der Feuchtigkeit hin, wihrend die 813C0rg-
Werte eine vorherrschende Cs-Vegetation anzeigen. Hochauflosende Elementvariationen, abgeleitet
aus Rontgenfluoreszenz-Analysen, deuten zunehmende Ca- bzw. abnehmende Fe- und Ti-Verldufe
mit abnehmendem Alter und somit zunehmende Trockenheit an. Die sekundédren pedogenen Karbon-
atkonkretionen besitzen postsedimentire (holozéine) Alter und sind nicht geeignet, um Klima- und

Umweltverinderungen in den untersuchten Profilen zu beurteilen.

1 Introduction

During the last glacial, extensive loess deposits accumu-
lated in central Europe between the Fennoscandian Ice Shield
and Alpine glaciers (Smalley et al., 2011; Sprafke, 2016;
Lehmkuhl et al., 2021). Predominantly, loess sediments are
deposited in valleys, in sedimentary basins of low mountain
ranges, and along large rivers. Thus, both the distance to the
source area of aeolian dust and the local geomorphology have
influenced the thickness of loess deposits (Lehmkubhl et al.,
2016). A key area of loess research in the Alpine realm is
located in Lower Austria at the western edge of the middle
Danube basin, where loess landscapes are widespread (Smal-
ley et al., 2009; Sprafke, 2016; Terhorst et al., 2011). Pre-
vailing westerly winds together with dry and cold katabatic
winds from the Alps and Fennoscandian ice sheets favoured
the transport of mineral dust from glacial forelands and river
floodplains (Renssen et al., 2007; Lowe and Walker, 2015).
However, heavy-mineral studies on loess suggest that local
dust sources initially mobilised by fluvial transport domi-
nate over far-distance sources in the Lower Austrian study
area (Ujvari and K16tzli, 2015). Fine silty material was trans-
ported farther than coarser grains, and loess predominantly
accumulated on slopes exposed to the east, i.e. in lee-side
positions (Lowe and Walker, 2015; Sprafke, 2016). Loess
deposits formed under (peri)glacial conditions (Frechen et
al., 2003; Fitzsimmons et al., 2012), while soils developed
during milder interglacials or interstadials (Terhorst et al.,
2011; Buggle et al., 2009; Bronger, 2003). Therefore, the re-
sulting loess palaeosol sequences (LPSs) reflect Quaternary
climate variability with its glacial-interglacial and stadial—
interstadial periods (Bronger, 1999; Frechen et al., 2003; An-
toine et al., 2009; Buggle et al., 2009; Sprafke, 2016) and
represent prominent natural archives for climate and environ-
mental reconstructions (Porter, 2001; Markovié et al., 2015;
Lehmkuhl et al., 2016). Different sedimentological or pedo-
logical proxies are used for reconstructions of dust accumu-

E&G Quaternary Sci. J., 71, 23—43, 2022

lation rates, soil formation, weathering, wind intensity, and
palaeovegetation (Zech et al., 2007; Gocke et al., 2014).

Moreover, LPSs provide occasional evidence of human
activities. The regional Palaeolithic record includes open-
air sites such as at Dolni Véstonice (TomdaSova, 1995; An-
toine et al., 2013; Svoboda et al., 2015) and Pavlov (Svo-
boda, 1994; Adovasio et al., 1996; Fewlass et al., 2019), both
in the Czech Republic, as well as the Lower Austrian sites
of Willendorf (Nigst et al., 2008; Teyssandier and Zilhio,
2018; Zeeden and Hambach, 2021), Krems-Wachtberg (Hén-
del et al., 2009, 2014; Terhorst et al., 2014), and Kammern-
Grubgraben (Haesaerts and Damblon, 2016; Neugebauer-
Maresch et al., 2016; Héandel et al., 2021).

Pleistocene sediment sequences were investigated in these
areas predominantly with the aim of palaeoclimatic recon-
structions but frequently independent of the archaeological
background (Fink, 1954, 1962, 1976-1978; Terhorst et al.,
2011,2014; Meyer-Heintze et al., 2018; Sprafke et al., 2020).
Studies using geochemical approaches have rarely been ap-
plied to archaeological sites, which makes comparisons with
well-studied LPSs devoid of archaeological layers difficult.
In many cases, this is also due to imprecise and/or contra-
dictory age models. As a result of periglacial environmen-
tal conditions, palaeoclimatological and palaeoenvironmen-
tal records of the Last Glacial Maximum (LGM) from east-
ern and central Europe are frequently fragmentary and re-
stricted regarding the choice of proxies (Kovics et al., 2012;
Maier et al., 2021; Stojakowits et al., 2021). The LGM is de-
fined here as the period with maximum global ice extent and
therefore the lowest global sea levels. Consequently, we use
the LGM definition sensu Lambeck et al. (2014) with 30-
16.5ka cal BP, being aware that other definitions exist (e.g.
23-19ka cal BP, Mix et al., 2001; 26.5-19 ka cal BP, Clark et
al., 2009; 27.5-23.3 kacal BP, Hughes and Gibbard, 2015),
and maximum glaciation varied geographically.

Sampling of sediment sequences with embedded archae-
ological context is a prerequisite for linking environmental
variability to human occupation. Especially for the Upper
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Palaeolithic (Epigravettian) site of Kammern-Grubgraben,
such combined studies are scarce (Haesaerts et al., 2016;
Haesaerts and Damblon, 2016). Therefore, in this study we
aim at (a) testing organic matter for radiocarbon dating,
(b) evaluating proxies regarding their reliability for palaeco-
climate research at archaeological sites, (c) shedding new
light on palaeoclimate variability and palacoenvironmental
conditions during the LGM, and finally (d) placing the ar-
chaeological findings in an environmental context. From a
longer perspective, this study helps in developing method-
ologies for linking local human activity with more compre-
hensive regional environmental records from adjacent LPSs
using their geochemical and sedimentological signatures.

2 Site description

The Upper Palaeolithic open-air site of Kammern-
Grubgraben (48.48°N, 15.72°E; Fig. 1) is located in
the municipality of Hadersdorf. The surrounding area is
characterised by the partly loess-capped hills of the Bo-
hemian Massif. Terracing was carried out in historical times
for agri- and viniculture (Neugebauer-Maresch et al., 2016).
The excavation site Kammern-Grubgraben is located in a
trough-shaped valley sloping gently to the south between the
hills of Heiligenstein in the west and Geifiberg in the east
(Fig. 1b). The area drains to the river Kamp, a tributary of
the Danube. This setting seems to have been an attractive
campsite for hunter-gatherers in an overall probably rather
inhospitable environment.

Systematic archaeological and stratigraphic studies at
Kammern-Grubgraben have been carried out since the 1980s
(Urbanek, 1990; Brandtner, 1996; Montet-White, 1990;
Haesaerts and Damblon, 2016; Haesaerts et al., 2016;
Neugebauer-Maresch et al., 2016; Hindel et al., 2021). These
previous excavations (1985-1994) documented five succeed-
ing archaeological layers (AL 1-5) attributed to at least
five separate phases of occupation (Haesaerts et al., 2016;
Neugebauer-Maresch et al., 2016). Humic horizons in the
sedimentary context of AL 2—4 are reported by Haesaerts
and Damblon (2016). Fieldwork was interrupted for about
20 years but recommenced in 2015. Preliminary results of
recent investigations, however, suggest that only two main
occupations are manifested in the archaeological horizons
(AHs) AH 1 and AH 2 (Héndel et al., 2021). AH 2 is char-
acterised by complex structures made of stone slabs and
densely accumulated artefacts, while the faint upper AH 1
contains fewer finds (Montet-White, 1990; Hindel et al.,
2021). AH 2 is further described as a horizon representing
a range of settlement activities including synoccupational re-
organisation/restructuring as well as post-occupational disin-
tegration processes (Héndel et al., 2021). While AH 1 cor-
responds to the previous AL 1, AH 2 represents the former
AL 2-4. Humic horizons in the context of AH 2 have not
been traced in the new profiles. AL 5 has hitherto only been

https://doi.org/10.5194/egqsj-71-23-2022

Loess record of the Upper Palaeolithic site Kammern-Grubgraben

25

(a) 1 YRS _Czech Republlc

i e N

Kamp
Kammern Grubgraben{
/ X

,4\"\(‘

Slovakia

. GeilRberg

OSL samples
,’ (profile east)
' (Handel et al., 2021):
, 2
145 m , 931, 932
]
I
140 m :' —4
:
[}
135 '
"/ TP86
]
[}
]
130m KG-5756/57
: (profile AD10 east)
125m :
]
)
[}
120 m : 3
!
]
15m |
!
' OSL samples (profile east)
110 mie /(Handel etal., 2021):
' 1476, 1477
' 1479, 1480
105 me L _ 1482, 1483
ZEf23 ===
. C12-13 ‘%&
100m  105m  10m  115m  120m  125m

Figure 1. Overview of the study site Kammern-Grubgraben.
(a) Map of Lower Austria with the study site Kammern-Grubgraben
(map source: d-maps, 2021). (b) Aerial view (© Google Earth 2020)
of the study site. The red polygon represents the excavation site,
and the red lines show the locations of extracted loess sections.
(c) Ground plan of the study site with exact locations (red lines)
of the loess sections sampled in 2018 (local excavation grid) and
the profiles with OSL samples (purple lines) published in Héndel et
al. (2021).
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found in a small area and can therefore not yet be contextu-
alised from an archaeological perspective. The '“C ages of
mammal remains (bones and teeth) obtained from AH 1 and
2 (AL 1-4) point at human activity between approximately
23-20ka cal BP (Haesaerts et al., 2016; Handel et al., 2021),
a time interval including Greenland Interstadials (GIs) GI-
2.1 and GI-2.2 (Rasmussen et al., 2014). Besides the mam-
mal fauna (Logan, 1990; West, 1997), the gastropods of pre-
vious excavations were studied (Haesaerts, 1990; Frank and
Rabeder, 1996, 1997, Frank, 2006).

Goals of the ongoing excavations are, among others, estab-
lishing the limits of the previous excavations, reassessment of
the archaeological stratigraphy, and determining the site lim-
its. The first results of these new investigations have recently
been published (Hindel et al., 2021). Of major importance
for the study we present here is the stratigraphic connection
between the area of previous excavations around trenches 1
and 2 and TP86 and the trenches in the southwest (Z-E/2-
3 and C12-13), which document a far greater extent of the
site than previously known (Fig. 1c). A stratigraphic connec-
tion was established by excavation of trench 3, in which the
main archaeological horizon AH 2, with its pronounced stone
structures, could be traced, while analyses of the lithic mate-
rial confirmed cultural coherency of the artefact inventories,
and chronometric results suggest contemporaneity (Hindel
et al., 2021). This forms the basis for the correlations of the
profiles presented here (Fig. 2).

3 Material and methods

3.1 Field sampling of loess profiles

Two sections were sampled at the Upper Palaeolithic excava-
tion site Kammern-Grubgraben (Fig. 1a, b) in 2018. The first
section (KG-5753) is 91.3 cm long and was taken from the
north profile in trench 1. The other two overlapping sections
KG-5756 and KG-5757 are 91.3 and 85.5 cm long, respec-
tively, and come from profile AD10 east in trench 3 (Fig. 1c).
Whereas AH 1 was only present in one section, AH 2 is doc-
umented in both analysed profiles (Fig. 2a, b).

The sediment sections were sampled in the field with
the help of sheet steel profiles (28 x 27 mm, 0.6 mm thick,
Knauf, Germany) with U-shaped cross-sections. Loess sec-
tion KG-5753 starts 50cm below the surface, and the 0—
10 cm sampling depth contains the lower part of the modern
soil, hereafter referred to as Anthrosol (Fig. 2a).

Loess sections KG-5757 and KG-5756 do not include the
modern Anthrosol and were sampled with an overlap of
21.5cm (Fig. 2b). Both sections were merged into a com-
posite 155 cm long profile based on macroscopic and field
observations as well as on geochemical records. The posi-
tions of loess sections within the excavation grid as well as
absolute elevations (ma.s.l.) of their surface were determined
by an electronic tachymeter.
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3.2 XRF core scanning and subsampling of loess
sections

With few exceptions (Liang et al., 2012; Sun et al., 2016),
it has been common practice to carry out X-ray fluorescence
(XRF) analyses of loess samples on discrete samples (Profe
et al., 2018a; Profe and Ohlendorf, 2019) or to use a handheld
scanner (Ward et al., 2018; Goff et al., 2020). In this study,
sediment sections were analysed continuously in their sheet
steel profiles. Prior to scanning, the sediment surfaces were
thoroughly smoothened with a utility knife.

Sediment sections were photographically documented and
analysed with an XRF core scanner (Itrax, Cox Analyti-
cal Systems, Sweden). Polarised light and a resolution of
500 dpi were used for imaging. The recording resolution of
XRF spectra was 1 mm and counting time 5s. A Cr tube
was used at 30kV and 50mA. Repeated analyses on the
same loess section revealed that only the most frequent el-
ements Si, K, Ca, Ti, and Fe provide reproducible results.
The element counts were standardised using the centred log-
ratio (clr) transformation (Aitchison, 1982; Martin-Puertas
et al., 2017). This transformation accounts for matrix effects
caused by, for example, variations in grain size or water and
organic matter contents and approximates true element con-
centrations (Weltje et al., 2015).

After scanning, the sections were continuously subsam-
pled at a 1 cm resolution. This resulted in a total of 92 (KG-
5753, KG-5756) and 85 (KG-5757) samples. Each sample
represented a volume of ca. 7cm?®, which is equivalent to
about 10 g. Samples were suspended in deionised water and
thereafter lyophilised for further analytical procedures. This
treatment allowed dispersion of the dried sediment without
mechanical force, preventing the destruction of microfossils.
After drying, each sample was subdivided into three fractions
for grain-size analyses (0.5 g), isotope-geochemical analyses
(0.65 g), and sieving for microfossils (5-8 g).

3.3 Grain-size analyses

Grain-size distribution was determined for every fifth cen-
timetre, using a laser particle analyser (LS 200, Beckman
Coulter). Samples were sieved to <2 mm. For each of the se-
lected samples, 0.5 g was weighed into centrifuge tubes and
left overnight with 1 mL of 30 % H,O» to destroy organic
matter. Afterwards, the tubes were placed in a drying cabinet
at 105 °C for 2 h. To dissolve secondary carbonates, 2.4 mL.
of 10 % HCI was added to each sample, which was placed
in a drying cabinet at 85 °C for 4 min. Afterwards, the sam-
ples were washed with deionised water and centrifuged until
a pH of 4.5 was reached. Subsequently, 24 mL of 2 M NaOH
was added to each tube and left in a drying cabinet at 85°C
for 5min. Samples were washed with deionised water and
centrifuged until a pH of 8 was reached. Then, to lower the
pH to 7, a drop of 5% HCI was added, and samples were
washed and centrifuged again. Subsequently, samples were
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Figure 2. Orthophotographs of excavation profiles with projected positions of (a) loess profile KG-5753 — profile north in trench 1 and OSL
samples (932, 931) taken from profile east in trench 1 (Héndel et al., 2021), (b) KG-5756 (upper part) and KG-5757 (lower part) from profile
AD10 east in trench 3, and (c) OSL samples (1482, 1483, 1479, 1480, 1476, and 1477) taken from profile east in trench Z-E/2-3 (Hindel et
al., 2021). Hatched areas represent the modern Anthrosol. Archaeological horizons (AH 1 and AH 2) as well as the underlying tundra gley
(TG) in KG-5757 are shaded. Stratigraphic positions of gastropods are given for both loess profiles.

mixed with (NaPO3),, and NaCOs3 and left on a rotator for
8 h for dispersion.

Each sample was analysed in at least three runs to elim-
inate possible outliers and to check for reproducibility. The
first run was taken as a test run. Results were calculated from
runs two and three. Results of laser particle analyses were
processed with GRADISTAT (Blott and Pye, 2001). Only for
the median grain size were the raw data used. Grain sizes
were classified according to standard size classes: coarse
sand (cS, 630-2000 um), middle sand (mS, 200-630 um),
fine sand (fS, 63-200 um), coarse silt (cSi, 20-63 pm), mid-
dle silt (mSi, 6.3-20 pm), fine silt (fSi, 2-6.3 um), and clay
(cl, <2pum). Grain-size indices (20-50um / <20 um) and
U ratios (1644 um / 5.5-16 ym) were determined using the
size fractions according to Rousseau et al. (2002) and Van-
derberghe et al. (1997), respectively.

https://doi.org/10.5194/egqsj-71-23-2022

3.4 Geochemical analyses

Carbon (C) and nitrogen (N) contents were analysed for ev-
ery centimetre with a CN analyser (vario EL cube, Elemen-
tar Analysensysteme GmbH, Germany). For each lyophilised
sample, 500 mg was homogenised with a mortar and a pes-
tle. Macroscopic remains were removed prior to homogeni-
sation. For determination of total carbon (TC) and total nitro-
gen (TN), 20 mg was weighed in tin capsules and analysed in
the CN analyser. The samples were measured twice to check
reproducibility. To estimate total inorganic carbon (TIC), an-
other fraction of each sample was dried at 105 °C overnight.
Thereafter, 400 mg of each sample was weighed in porce-
lain crucibles and put in a muffle furnace at 550°C for 4h
to remove total organic carbon (TOC) (Heiri et al., 2001).
After this high-temperature heating, samples were weighed

E&G Quaternary Sci. J., 71, 23—43, 2022



28 L. Reiss et al.: Loess record of the Upper Palaeolithic site Kammern-Grubgraben

Figure 3. Photographs of examples of (a) CRC (KG-5756, 30 cm
depth) and (b) HC (KG-5756, 60 cm). The scales are 2 mm each.

again for the CN analyser to analyse TIC. TOC was calcu-
lated as the difference between TC and TIC, corrected for
the weight loss from loss on ignition (LOI). Assuming that
TIC is present as CaCOs3, the carbonate content of the sam-
ples was calculated from TIC using a stoichiometric factor of
8.33. All data are given in per cent (%) of dry mass.

3.5 Pedogenic carbonates

Remaining after previous analyses, 5—8 g of the lyophilised
bulk sediment was sieved with a 500um mesh to sep-
arate coarse particles and secondary (pedogenic) carbon-
ates from every centimetre sample. The coarse particles
were screened under a microscope, and microscale sec-
ondary carbonates were characterised following the criteria
of Barta (2011). They generally comprise calcified root cells
(CRC), hypocoatings (HC), carbonate coatings (CC), earth-
worm biospheroids (EBS), and needle-fibre calcites (NFC).
CRC are identifiable by elongated calcite crystals that form
tubes of up to 1cm in length and are of bright whitish to
light brownish colour, the latter representing the decalci-
fied margin (Becze-Dedk et al., 1997; Barta, 2011). HC on
the other hand are pore walls of the soil matrix impreg-
nated with CaCO3 (Barta, 2011). They consist of micritic or
small calcite tubes mixed with other minerals such as mica
(Becze-Dedk et al., 1997; Barta, 2011, 2014). Their cylin-
drical and branched shape is of 1-6 mm length and 3—4 mm
width on average (Barta, 2014). In this study, only CRC and
HC were present in the sediment (up to 66 mg HC per gram
of sediment in 4647 cm depth in KG-5753). They were
handpicked, separated, and documented using the extended-
depth-of-field option of a digital reflected-light microscope
(Smartzoom 5, Carl Zeiss Microscopy GmbH, Germany)
(Fig. 3).

3.6 Stable isotope analyses

Secondary carbonate concretions were not evenly distributed
in the sediment cores. In total, 56, 74, and 26 (88, 92, and 75)
samples of the KG-5753, KG-5756, and KG-5757 sections,
respectively, contained sufficient CRC (HC) for isotope anal-
yses. CRC (70-150 pug) and HC (150-200 nug) were crushed
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with a pestle and weighed into borosilicate-glass septum
vials using a microbalance (Sartorius, ME36S, Germany).
Carbonates reacted with concentrated, water-free phospho-
ric acid in the previously helium-flushed septum vial. After
at least 3 h of equilibration at constantly 70 °C in a heating
block, the evolved CO; gas was transferred via a GasBench I1
(Thermo Fisher, USA) coupled to an isotope-ratio mass spec-
trometer (IRMS) (Delta V Advantage, Thermo Fisher, USA)
for carbon (§'3C) and oxygen (§'80) stable isotope analyses.

For the measurement of 813C0rg, bulk sediment samples
were decalcified following the method of Pétter et al. (2020).
Of each sample, 150 mg was weighed into centrifuge tubes,
treated with 25 mL of hydrochloric acid (HCI, 5 %), and kept
in a water bath at 50 °C for 4 h. Subsequently, samples were
washed with deionised water by repeated centrifugation. Af-
ter the removal of HCI, samples were lyophilised. For stable
isotope analysis, a sample amount equivalent to 50-300 ug
of organic carbon (2-40 mg dry matter) was weighed into tin
capsules. Samples were combusted at 1080 °C in an elemen-
tal analyser (EA) (NC 2500, Carlo Erba, Italy) coupled to an
isotope-ratio mass spectrometer (IRMS) (DeltaPlus, Thermo
Finnigan, Germany) used for isotope analyses.

All results are expressed as delta (§) values in per mil (%o)
relative to international standards.

The § notation is defined as

§= (RSample/RStanda.rd - 1) ’ (N

where R is the mass ratio of the heavier isotope to the
lighter isotope (e.g. 3C/12C or 30/ 190) of the sample
and an international standard (Vienna Pee Dee Belemnite
(VPDB) for carbon, Vienna Standard Mean Ocean Water
(VSMOW) for oxygen). The international standards NBS 18
and NBS 19 (Brand et al., 2014) and a laboratory standard
consisting of pure Solnhofen limestone (“Pfeil”’; Oehlerich
et al., 2013) were used to calibrate the stable isotope analy-
ses of secondary carbonates. For stable isotope analyses of
bulk organic carbon, the international standards IAEA-CH-7
and USGS41 (Brand et al., 2014) and a laboratory standard
(“Peptone”; Mayr et al., 2017a) were used.

3.7 Radiocarbon dating

Loess sequences are commonly dated with luminescence
(Thiel et al., 2011a; Veres et al., 2018) or radiocarbon tech-
niques (Ijjvéri et al., 2014; Haesaerts et al., 2016). At the
studied site of Kammern-Grubgraben, published radiocarbon
measurements are only available for bone material from the
archaeological layers and reveal ages around 23-22 ka cal BP
(Haesaerts et al., 2016; Héndel et al., 2021). Thus, additional
14C measurements were carried out in order to place the loess
sections into a more precise timeframe. However, suitable
materials (charcoal, bones) are barely available outside of
the well-dated archaeological horizons. Therefore, radiocar-
bon age determination was tested on gastropods, humic acid
fractions, and secondary pedogenic carbonates. The weights
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of the respective samples are listed in Table 1. Gastropods
(mainly the species Vallonia costata) were handpicked after
sieving with a 500 um mesh to separate coarse particles from
bulk sediment. Almost all gastropods were fragmented and
allowed identification only to the genus level, except for a
few specimens which had a well-preserved aperture allow-
ing species identification. Only two gastropods provided a
sufficient mass (1.6 mg each) for radiocarbon dating.

All these materials have been previously tested at other
loess sites with some success (e.g. Pustovoytov and Ter-
horst, 2004; Gocke et al., 2011; Xu et al., 2011; Wang et
al.,, 2014, I:ijéri et al., 2016a). If possible, different sample
pairs (Fig. 2) from the same depths were handpicked under a
binocular microscope, thoroughly cleaned with distilled wa-
ter, dried, and then sent to the Poznan Radiocarbon Labora-
tory (Poland) for radiocarbon accelerator mass spectrometry
(AMS) measurements. Gastropod shell samples were rinsed
with HCI and H,O; prior to radiocarbon measurement. How-
ever, due to the small sample size, there was no control on the
amount of material removed during these steps. The residues
of these samples were then leached using H3POy4, result-
ing in very small portions of available carbon. The IntCal20
curve (Reimer et al., 2020) and CALIB 8.2 (Stuiver et al.,
2020) were used for calibration of radiocarbon ages. Note
that for reasons of comparability with the new radiocarbon
ages presented here, all ages are given as calibrated kiloyears
(ka cal BP) although other dating methods were partly used.

4 Results

4.1 Sediment description and grain-size distribution

Based on sedimentary features like colour, amount of carbon-
ate concretions, rooting, and aggregate texture, the sections
were subdivided into different units separated by archaeo-
logical horizons and the basal tundra gley. These units are
overlain by an Anthrosol in both sections, which was sam-
pled only in KG-5753 (Fig. 2a). This Anthrosol is a disturbed
and machine-worked vineyard soil, which shows character-
istic soil features such as roots and an aggregate texture. It
further appears much darker than the rest of the section. The
next unit consists of lighter-coloured loess sediment, which
contains some root remains. High amounts of secondary car-
bonates are present from 11 to 24 cm depth and again from
40 to 45 cm depth and around AH 2. With increasing depth,
the sediment becomes slightly darker. Rock fragments of
1-5mm diameter are present around AH 2, corresponding
to the lateral presence of up to decimetre-sized boulders in
AH 2 (Fig. 2a). Profile KG-5756-KG-5757 (hereafter KG-
5756/57) starts immediately below the modern Anthrosol
(Fig. 2b). The upper part contains carbonate concretions and
is equivalent to the loess above AH 2 in KG-5753. The po-
sition of AH 1 was estimated from adjacent sections, as the
sediment is hardly distinguishable from the surrounding sub-
strate in KG-5756. AH 2 contains rock fragments and arte-
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facts in KG-5756/57 and serves as the tie point for merg-
ing both sub-profiles with an overlap of about 21 cm. AH 2
contains the highest amount of secondary carbonates (CRC
and HC) in KG-5756/57. The unit below AH 2 consists of
more homogenous loess almost without CRC but with occa-
sional root traces. Field observations suggest that the slightly
bleached horizon at the base of KG-5757 (in the lowermost
15 cm) represents a tundra-gley soil. In the present study, ter-
restrial gastropods (Vallonia costata and Pupilla sp.) were
found only in very small numbers and often only as shell
fragments (Fig. 2a, b).

The grain-size analyses of KG-5753 and KG-5756/57
show a dominance of silt in all measured samples, while cS
is practically absent in all profiles (Fig. 4). The profile KG-
5753 contains between 7.9 % and 8.8 % cl. fSi has a sim-
ilar distribution to mSi, although an overall lower content
is evident. MSi increases slowly from 15 % at 90 cm depth
to 20.0 % at 10 cm. cSi varies between 49 % and 41 % from
75 to 10 cm depth. The fS content decreases from 34.5 % at
90 cm depth to 24.4 % at the top. The mS content reaches up
to 5.0 % at the bottom of the profile and shows the highest
content of 9.5 % at the top, i.e. the Anthrosol. The grain-size
index and U ratio show a decreasing trend from bottom to
top with a slight decrease in AH 2.

In KG-5756/57, the clay content slightly decreases from
the bottom of the profile to 100 cm depth and then shows
a small but steady increase from 100cm depth to the top
(Fig. 4b). The sand fraction slightly decreases from bottom to
top. The S fraction is most prominent at 101 cm depth, and
then again between 70 and 50 cm depth. An increase in mS
is present between 110 and 90 cm depth and again from 65
to 50 cm depth. Thus, the mS fraction is dominant below and
above the archaeological layer located between 88 and 78 cm
depth. Both fS and mS are highest at 100 cm depth. The U ra-
tio ranges from 2.0 to 2.7 and the grain-size index from 1.0
to 1.4. Low values occur in the tundra gley and at the top of
the profile; maximum values are between 110-95 cm. In the
archaeological horizons (AH 2, AH 1) local minima of the
U ratio as well as the grain-size index are visible.

4.2 Geochemistry
4.2.1  Organic geochemistry

The TOC content of profile KG-5753 is < 1 % except in the
upper 12cm, in which TOC increases from 1.3 % to 3.4 %,
reflecting the Anthrosol (Fig. 5a). The 813C0rg values range
from —28.4 %o to —23.7 %o. The TOC content of the merged
profile KG-5756/57 ranges from 0.2 % to 0.6 %, showing
minima between 107 and 105 cm depth, at 91, 86, 67, 37, and
16—-13 cm depth (Fig. 5b). Maxima are recognisable at 151
and at 119 cm depth. The lowest 813C0rg value is —28.3 %o
(in KG-5757, 90 cm depth) and the highest —23.9 %o (in KG-
5756, 92 cm depth).

Although the C / N ratios of both profiles must be consid-
ered with caution since TN contents are close to the detection

E&G Quaternary Sci. J., 71, 23—43, 2022



30 L. Reiss et al.: Loess record of the Upper Palaeolithic site Kammern-Grubgraben

Table 1. Radiocarbon ages of different materials. Stratigraphically consistent ages are indicated in bold.

Sample ID Lab no. Sampling  Uncalibrated Calibrated age range Material Weight
depth  radiocarbon date (cal BP and (mg)
(cm) (BP = analytical error)  probabilities (20))
KG-5753-33-S Poz-128063 33 12390+170 15160-14 020 (0.999)  Terrestrial gastropod 1.6
13900 (0.001) (Vallonia costata)
KG-5753-33-C Poz-128202 33 117.23£1.33pMC Younger than 1950 CE  Recent root 2.77
KG-5753-59-S Poz-128064 59 99604+ 100 11760-11210 (0.983)  Terrestrial gastropod 1.6
11810-11790 (0.017)  (Vallonia costata)
KG-5753-59-HA Poz-128200 59 5060+ 80 5940-5600 (0.997) Humic acids 2998.6
5980 (0.003)
KG-5757-11-CRC  Poz-128065 79 2305430 2360-2300 (0.778) Rhizoconcretions 14.2
2230-2180 (0.222) (CRC)
KG-5757-11-HC Poz-128067 79 5000 £40 5860-5810 (0.291) Rhizoconcretions 12.8
5790 (0.009) (HC)
5770-5650 (0.608)
5640-5600 (0.092)
KG-5757-11-HA Poz-128201 79  2860+40 3080-2860 (0.961) Humic acids 3086.7
3110-3100 (0.017)
3140-3130 (0.021)
KG-5757-77-C Poz-128204 145 24240 +240 28 930-27 830 Charcoal 1.0
(a) Median ) (b) Median
grain size (um) U-ratio grain size (um) U-ratio
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Figure 4. Grain-size distribution, median grain size, U ratio (1644 um / 5.5-16 um), and grain-size index (20-50 pm / < 20 um) of (a) KG-
5753 and (b) KG-5756/57. Grain sizes are classified according to standard size classes with coarse sand (cS, 630-2000 um), medium sand
(mS, 200-630 um), fine sand (fS, 63-200 um), coarse silt (cSi, 20-63 um), medium silt (mSi, 6.3-20 um), fine silt (fSi, 2—-6.3 um), and clay
(cl, <2 um). The hatched area in (a) represents the base of the sampled Anthrosol; shaded areas represent the archaeological horizons (AH 1
and AH 2) and the tundra gley (TG).
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Figure 5. Organic geochemistry including C /N (carbon-to-nitrogen ratio), TN (total nitrogen), TOC (total organic carbon), and 813C0rg
(organic carbon isotope ratio) of (a) KG-5753 and (b) KG-5756/57. The hatched area in (a) represents the base of the sampled Anthrosol;
shaded areas represent the archaeological horizons (AH 1 and AH 2) and the tundra gley (TG). Black stars symbolise the positions of
radiocarbon samples. Missing values are indicated by gaps. Note axis breaks and scale changes in (a) for TN and TOC.

limit for all profiles (maximum values of 0.3 % and 0.03 % in
KG-5753 and KG-5756/57, respectively), they show a com-
parable range and similar variations, pointing to environmen-
tal control of C /N variations.

4.2.2 Inorganic geochemistry

The CaCO3 content in KG-5753 shows an increase from the
bottom to 45 cm depth and a decrease from 37 % to 25 % be-
tween 15 and 10 cm depth (Fig. 6a). As an overall pattern the
CaCOj3 content of KG-5756/57 slightly increases from bot-
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tom to top with values ranging from 23.1 % at 147 cm depth
to 32.7 % at 129 cm depth. A minimum of 22.6 % is evident
at 101 cm depth, followed by a further increase to 41.2 % at
13 cm depth (Fig. 6b).

XRF-core-scanning analyses provided results for the ele-
ments Cr, K, Mn, Zn, Sr, Ca, Si, Ti, Fe, and Rb. However,
only Ca, K, Si, Ti, and Fe exhibited high signal-to-noise ra-
tios and are therefore considered for further discussion.

The influence of the topsoil explains the higher variabil-
ity in analysed elements above a depth of 13 cm in KG-5753
(Fig. 6a). Aside from that, the variations in Fe and Ti are in-
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was applied to account for matrix effects.

versely correlated to Ca (R? is 0.83 and 0.67, respectively,
in KG-5753, and R? is 0.89 and 0.80, respectively, in KG-
5756/57), the element with the highest counts of the records.
The comparison with CaCO3 analyses shows that Ca is pre-
dominantly bound to carbonates (Fig. 6a, b). Thus, Fe and
Ti variations are presumably the result of dilution caused by
varying carbonate amounts. In contrast to Fe and Ti, the over-
all trends in K and Si are not antagonistic to Ca, but the vari-
ability in these elements is rather low.

The distribution of Ca, however, shows a different pattern,
as there is an increasing trend from bottom to top. Within this
increase, Ca shows minima at 145 cm depth and between 115
and 95 cm depth (Fig. 6b). The Ca distribution derived from
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XREF scans is significantly correlated with the CaCO3 con-
tent for both profiles (KG-5753 R> =0.55 and KG-5756/57
R2= 0.84). For this correlation, XRF Ca clr values are av-
eraged in 10 mm steps to account for the lower resolution of
CaCOs3 analyses.

4.3 Radiocarbon dating

Radiocarbon dating of different materials shows high vari-
abilities (Table 1).

Only sample KG-5757-77-C reveals an expected age range
of 28 930-27 830 cal BP. This piece of charcoal derives from
the upper part of the tundra gley. Terrestrial gastropods from
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the upper part of the loess section KG-5753 reveal “C ages
between approximately 11 and 15kacal BP. In some cases,
however, the results show age inversions. Humic acids as
well as rhizoconcretions (CRC and HC) reveal a Holocene
formation. Sample KG-5753-33-C was most likely a recent
root, which explains the postmodern age, i.e. younger than
1950 CE.

4.4 Stable isotopes of carbonate concretions

In KG-5753, 43 samples contain sufficient CRC for iso-
tope analyses. The §'80cgrc values range from —13.8 %o to
—7.2%o. The §'3Ccrc range is exceptionally high with val-
ues ranging from —30.9 %o to —6.7 %o (Fig. 7a). At about
45 cm depth, an increase is detectable for the 8180cgre and
813Ccre records of both profiles. Furthermore, 8180cgre
and 83Ccgre are significantly correlated (R2=O.7O). HC
were found in 70 samples in KG-5753. The 8180Hc values
range from —11.7 %o to —4.8 %o and 813CHC from —8.9 %o to
—1.9 %o.

In KG-5756/57, isotope analyses of CRC were limited
to 73 samples with sufficient amount. The 8180cgrc values
range from —14.2 %o to —5.7 %o. The lowest 8'>Ccrc value
is —29.9 %o and the highest —3.9 %o (Fig. 7b). §'3Ocrc and
813Ccre records are significantly correlated (R?=0.68). HC
were found in 114 samples in KG-5756/57. The §180pc
values range from —6.8 %o to —4.2 %o and the s13Che val-
ues from —8.0 %o to —1.2 %o (Fig. 7b). 8'80yc and §'3Cpc
records are significantly correlated (R% = 0.89).

5 Discussion

5.1 Age determination and stratigraphy

Previous “C measurements of bones and teeth obtained
from archaeological layers revealed ages between 23.7 and
22.1kacal BP (Haesaerts et al., 2016; Hindel et al., 2021).
Optically stimulated luminescence (OSL) ages provide ad-
ditional age control for over- and underlying strata (Héndel
et al., 2021). These samples stem from different profiles but
from the same stratigraphic positions (Figs. 1 and 2) and are
listed with published radiocarbon measurements from the ar-
chaeological horizons in Table 2.

In our study, we also tested radiocarbon age determina-
tions on various materials regarding reliability and consis-
tency. Only two samples, namely a piece of charcoal (KG-
5757-77-C) and a terrestrial snail (KG-5753-33-S), revealed
results in the expected age range to be considered reliable
(Table 1). However, the '“C age of the analysed gastropod
should be considered with caution since a second terrestrial
snail (KG-5753-59-S) with a younger age was found about
20 cm deeper (Table 1). This uncertainty could be related to
the small quantity of the snail samples (< 1.7 mg) or to possi-
ble relocation caused by bioturbation. In general, the inges-
tion of dead carbon can also influence radiocarbon ages of
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terrestrial snails. This effect was observed in 22 % of modern
snails dated in the course of a comprehensive study in North
America (Pigati et al., 2010). However, this effect cannot ex-
plain the age of KG-5753-59-S, which appears too young
and can thus not serve as an explanation for this case. We
rather assume that this particular sample possibly contained
carbonate contamination of more recent age; i.e. the sample
shows an open-system behaviour. Ages of gastropods were
compared with charcoal ages in a study of the Dunaszekcsd
loess record (Ujvari et al., 2016a). In that study, 7 out of
11 mollusc shells revealed a similar age to charcoal sam-
ples from the same stratigraphic levels, suggesting a pre-
dominantly closed-system behaviour for radiocarbon of loess
snails, while at least one of these samples also clearly showed
an open-system behaviour, similarly to our study.

At least the formation of CRC has frequently been de-
scribed as synsedimentary (Becze-Dedk et al., 1997; Wang
and Greenberg, 2007; Barta, 2011, 2014; Koeniger et al.,
2014). Radiocarbon ages of HC and CRC in our study do not
support this assumption. Generally, the formation of CRC is
linked to CaCOs in the soil matrix, which is dissolved by
H*-HCO; exchange. Ca®* then becomes available for the
plant and is subsequently absorbed by roots and accumulates
in the vacuole where it precipitates as CaCO3. While the cells
calcify, the outer part of the cells, namely the parenchyma
cells of the roots, mineralise during plasmolysis (Becze-
Dedk et al., 1997; Barta, 2011). For the formation of HC,
two main hypotheses exist (Becze-Dedk et al., 1997; Barta,
2011). The origin of the HCs either can be attributed to the
evaporation of Ca-rich solutions from the soil matrix or may
be due to carbonate precipitation from the soil solution into
the soil matrix or along the pores (Barta, 2011). The other
hypothesis is related to the metabolism of the roots. The re-
lease of CO; leads to the crystallisation of dissolved calcium
from the soil solution, resulting in the formation of micrite
crystals. Cemented together, they enclose the root remnants
or rather the pores formed by the roots within the soil matrix
(Becze-Dedk et al., 1997; Barta, 2011).

To conclude, the C results of secondary carbonate con-
cretions further corroborate previous findings that they can-
not be used for dating purposes of loess deposits of Late
Pleistocene age (Gocke et al., 2011; Ujvari et al., 2014). With
regard to their young ages, they cannot be linked to soil pro-
cesses during loess build-up. In our study, humic acids also
provided Holocene ages and thus were too young to be used
for age inferences of the loess sections. This is in contradic-
tion to previous studies in which humic acid fractions were
considered reliable (Runge et al., 1973; Wang et al., 2014).

In summary, the most reliable age determination from the
loess section in our study derives from a singular sample with
charcoal particles. Such particles, however, are very scarce
at Kammern-Grubgraben. As an alternative for future dating
approaches, the more abundant terrestrial snails could pro-
vide an option for layers where neither charcoal nor hard tis-
sue vertebrate remains are available. However, more studies
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Figure 7. Stable isotope data of secondary carbonates (CRC and HC) and their concentration (mg gfl) along the profile in (a) KG-5753 and
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concentration of HC.

are needed with larger amounts of gastropod material. Such
a larger amount of snail carbonate would also allow a con-
trolled mild acid pretreatment to remove shell contamina-
tions prior to dating as proposed by Ujvari et al. (2016a),
which was not reliably carried out in our study.

5.2 Critical evaluation of secondary pedogenic
carbonate isotopes

The isotopic composition of secondary pedogenic carbonates
has been frequently studied (e.g. Cerling, 1984; Dworkin et
al., 2005; Gocke et al., 2011; Koeniger et al., 2014). The
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variable concentration of microscale secondary carbonates
in loess sequences is thought to be a sensitive indicator of
environmental changes, such as alternating dust accumula-
tion or changes in moisture regime (Barta, 2014; Koeniger et
al., 2014). The formation of secondary carbonates is mostly
accompanied by relocation (vertical, horizontal) of primary
carbonates in the sediment (Barta, 2011, 2014; Koeniger
et al., 2014). Vertical relocation is linked either to infiltra-
tion of meteoric water, which leads to leaching and thus to
dissolution and re-precipitation of carbonates, or to pore-
and groundwater rising through evaporation, which results
in upward dislocation (Monger, 2002; Barta, 2014). In situ-
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Table 2. OSL and radiocarbon ages from Hindel et al. (2021). Note that radiocarbon dates were re-calibrated with IntCal20 (Reimer et al.,

2020). For OSL dating, quartz in the fraction of 63-90 um was used.

Lab no. Type Material and Approximate depth Age (BP) Calibrated age range OSL age
of species (cm) and +lo (cal BP) and (ka)
sample archaeological layer probabilities (20) +lo

MAMS-32966 14C reindeer tooth 35(AH 1) 18590£60 22750-22710 (0.012)

22 690-22 340 (0.988)

MAMS-26430 14C horse/reindeer bone  81-76 (AH 102, 18300£70 22400-22090 (1.000)

corr. to AH 2)
MAMS-30165 '4C horse/reindeer bone  81-76 (AH 2) 19250+70 23 690-23 600 (0.063)
23360-22970 (0.937)
MAMS-40115  rl4C horse/reindeer bone  81-76 (AH 2) 1886060 22970-22560 (1.000)
MAMS-40116 4C horse/reindeer bone  81-76 (AH 2) 19230+ 60 23670-23630 (0.021)
23330-22960 (0.979)

KG-1476 OSL quartz 18-27 26.8+2.1

KG-1477 OSL quartz 18-27 19.8+1.6

KG-1479 OSL quartz 48-70 19.5+1.6

KG-1480 OSL quartz 48-70 21.6+1.8

KG-931 OSL quartz 93-103 26.2+2.1

KG-932 OSL quartz 93-103 253+19

KG-1482 OSL quartz 93-103 25.6+£2.0

KG-1483 OSL quartz 93-103 255+£2.0

formed secondary carbonates are associated with chemical
weathering of the surrounding substrate (Pécsi, 1990; Mon-
ger, 2002; Barta, 2014). The precipitation of carbonates is
associated with solution of weathered Ca%t, which results
from root and microbial respiration (Becze-Dedk et al., 1997;
Monger, 2002; Barta, 2014).

In our study, the distribution of CRC and HC in the profiles
is not congruent. CRC accumulated at the top of the loess
profile and in AH 2 but are largely absent in the Anthrosol
below AH 2 and around 65 cm sampling depths. In contrast,
HC are more evenly distributed and also occur in the An-
throsol (Fig. 7). This may indicate different time periods of
formation, as also suggested by the radiocarbon ages of HC
that are ca. 3400 years older compared to CRC at 11 cm depth
of KG 5757, corresponding to AH 2 (Table 1). Both ages
are far too young for AH 2, which was deposited between
23.7 and 22.1 kacal BP (Héndel et al., 2021). Interestingly,
the §'3C values of CRC and HC also differ largely (aver-
age —22 %o and —4 %o, respectively). Similar differences are
also reported by Koeniger et al. (2014) and Luo et al. (2020).
The lower 8'3C values of CRC suggest a formation from res-
piratory CO,, which typically has 8'3C values close to leaf
biomass (Bowling et al., 2008). However, various admixtures
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of atmospheric CO; can increase 8'3C values substantially
(Cerling, 1984), which is probably the reason for the much
more '3C-enriched values of HC. Thus, it seems that two dif-
ferent sources, respiratory CO; and atmospheric CO», pre-
dominated during the Holocene formation of CRC and HC,
respectively.

In contrast, Koeniger et al. (2014) suggest that stable iso-
tope variability is linked to palacoclimatic variations and as-
sume that the formation of CRC and HC is associated with
the time of dust accumulation. They further propose that sta-
ble isotope records of secondary carbonates in loess records
are reliable palacoenvironmental proxies for moisture and
soil formation processes (Koeniger et al., 2014). Our results,
however, show that this is not necessarily the case as the
rhizoconcretions (CRC and HC) were considerably younger
than the surrounding loess. In several other studies, rhizocon-
cretions in loess also reveal a Holocene formation and thus
confirm a post-sedimentary origin (e.g. Pustovoytov and Ter-
horst, 2004; Gocke et al., 2011; Ujvairi et al., 2014). Such
overprinting of loess profiles with Holocene material or in-
vading of post-sedimentary deep roots may bias the results of
loess-based palacoenvironmental studies (Gocke, 2011). Un-
der laboratory and field conditions, the importance of vegeta-
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tion for the formation and re-crystallisation of pedogenic car-
bonates was shown by Gocke (2011). Roots and microorgan-
isms had a direct influence on these processes, while climatic
factors exerted indirect influence. A correct interpretation of
the isotopic composition of secondary carbonates thus also
requires considering the evolution of carbonates in the soil
(Koeniger et al., 2014), i.e. an exchange of carbon from pri-
mary loess carbonates with carbon from the air (CO;) during
the formation of rhizoliths by respiration of roots and mi-
croorganisms (Gocke et al., 2011).

Due to their Holocene formation, the isotope results of sec-
ondary carbonates can also not be used for tracing glacial
palaeoenvironmental conditions. Therefore, our results have
implications for other stable isotope studies on rhizoconcre-
tions, and we recommend testing post-sedimentary formation
via radiocarbon dating prior to using them for palacoenviron-
mental reconstructions.

5.3 Environmental implications from other geochemical
proxies and grain size

The 813C0rg variations in both profiles show a range typical
of C3 vegetation (O’Leary 1981; Rounick and Winterbourn,
1986; Hatté et al., 1998), which can be considered preva-
lent during the Late Pleistocene in this area (Arppe et al.,
2011; Schatz et al., 2011; Kovécs et al., 2012). During the
period of human occupation (at the time of AH 1 and AH 2;
ca. 23 ka cal BP), the presence of a steppe-like open grassland
can be assumed (Stojakowits et al., 2021). However, clusters
of woody vegetation (Pinus cembra and Juniperus sp.) were
also present as inferred from pollen data of the archaeologi-
cal site (Montet-White et al., 1990; Haesaerts and Damblon,
2016).

This type of ecosystem can also be reconstructed based
on the distribution of gastropods. In our study, the distri-
bution of gastropods shows no differences between hori-
zons. Almost exclusively Vallonia costata occurs except for
one single sample of Pupilla sp., which derives from the
underlying tundra gley of profile KG-5756/57. Frank and
Rabeder (1996, 1997) found 18 terrestrial gastropod taxa
in the Kammern-Grubgraben profile, but their stratigraphic
context is unclear. The Kammern-Grubgraben mollusc fauna
indicates a herb-rich meadow steppe, partly with shrubs and
isolated groups of trees. Among others, Vallonia costata and
V. pulchella are especially common in milder cold-period
sections (Lozek, 1964, 1982; Mania, 1973; Fikoh, 1993,
Krolopp and Stimegi, 1995; Frank, 2006). In contrast, Val-
lonia tenuilabris, the indicator species of colder periods that
is widespread in central Europe, has so far been absent from
Kammern-Grubgraben. With Columella columella, however,
at least one element of a cold tundra was recorded.

Although 813C0rg values range between —24%o and
—28 %o in both sections, their variability does not show a
clear palaeoclimatic trend. The slight increase at the base of
profile KG-5756/57 may indicate a shift from drier condi-
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tions for older sediments to more humid conditions upwards
considering the fact that water loss through evapotranspira-
tion is limited by stomatal constriction of the plants. This
physiological reaction is accompanied by a reduced carbon
isotope fractionation resulting in higher §'3C values (Hatté
et al., 1998). Water availability may be inferred based on the
813C values of organic matter. It seems, however, that the
results are not in accordance with the TOC and CaCOj3 con-
tents. Apart from the upper part of profile KG-5753, which
is influenced by the overlying modern Anthrosol, explaining
its high TOC content (0—13 cm depth, Fig. 5a), values vary
between 0.2 % and 0.4 % (min value 0.1 % and max value
0.9 % in KG-5753; Fig. 5) for both profiles. Typical glacial
loess deposits in northwestern Europe show organic carbon
contents of less than 0.1 % (Antoine et al., 2013; Mayr et al.,
2017b). However, increased TOC contents, as recorded at the
base of KG-5756/57, might be a result of accumulation or
preservation of organic carbon due to warmer and/or wetter
climate conditions (Zech et al., 2013; Mayr et al., 2017b),
but any environmental inferences from our TOC record are
hampered by unknown dust accumulation rates.

Implications about moisture can also be derived from the
calcium contents, since the moisture regime of the soil in-
fluences the CaCO3 content and the Ca distribution (Mon-
ger, 2002; Barta, 2014). Under more humid conditions, Ca is
sensitive to leaching (Buggle et al., 2011; Barta, 2014; Profe
et al., 2018b), which may explain the decreasing trend of
Ca and CaCOs3 towards the bottom in both profiles (Fig. 6).
XRF scanning from Chinese LPSs revealed that Ca and Si
decrease in palaeosol layers relative to the surrounding loess
sediments (Sun et al., 2016). This is also evident from an
LPS from Stitt6, Hungary, where Ca / Ti ratios derived from
high-resolution XRF scanning of discrete samples are used
as a proxy for weathering intensity, and, consequently, low
Ca /Ti values are explained by decalcification (Profe et al.,
2018b). Thus, our observations could suggest a climatic shift
from more humid—warmer conditions during the formation
of the older sediments towards drier—colder conditions dur-
ing the main occupation period, which was also reported
by Haesaerts and Damblon (2016). Whether such climatic
changes are related to the postulated shift of storm tracks
in the Alpine area during the LGM (Luetscher et al., 2015)
remains to be investigated in more detail in future stud-
ies using longer LPSs. Additionally, dust sources may have
changed, as glaciers progressively advanced into the Alpine
foreland between 30 and 25 ka cal BP and retreated again be-
fore 22 ka cal BP (Stojakowits et al., 2021). In contrast, geo-
chemical provenancing and U-Pb isotope dating of detrital
zircons in loess from the Krems area suggest a predominant
source from nearby Bohemian Massif sources (< 10km).
This implies an initial fluvial transport and a subsequent ae-
olian re-deposition in the study area rather than changes in
palaeowind directions (Ujvari and Kl6tzli, 2015). However,
such provenance data would have to be extended to also infer
the temporal changes in dust sources.
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Ti is frequently a component of weathering-resistant min-
erals such as titanium oxides and ilmenite (Profe et al.,
2018b; Mayr et al., 2019). The elements Fe and Ti behave
very similarly and show a negative covariance with Ca in our
records (Fig. 6a, b). Ti and Fe are likely considered to be of
detrital origin and mainly influenced by varying concentra-
tions of carbonates. In contrast, K and Si also show negative
correlations with Ca below AH 2 but do not exhibit a de-
creasing trend from bottom to top as Fe and Ti do (Fig. 6a,
b). K is frequently bound to mica, feldspars, and clay min-
erals (Mayr et al., 2019). The rather evenly distributed clay
contents in the profiles (Fig. 4a, b) may explain the small
variations in the K record. The slight increase in K below
AH 2 (Fig. 6b), however, cannot be explained with clay con-
tent alone but rather by increased sand input (Profe et al.,
2018b). K-feldspars are a common constituent of the sand-
sized fraction in loess sequences of Lower Austria (Thiel et
al., 2011b), possibly explaining the increase in that strati-
graphic level. In the long > 100 kyr loess record from Siittd,
Si/K and Ca/Ti ratios are correlated with grain size and
carbonate content, respectively (Profe et al., 2018b). In our
records, these element ratios do not provide additional infor-
mation to the clr-transformed element records (Fig. S1 in the
Supplement), and their variability in the short time period
covered by our LGM record is expected to be small (Profe et
al., 2018b).

The climate conditions at the Marine Isotope Stage (MIS)
3-2 transition are characterised by climatic deterioration.
However, two short interstadials (GI-4 and GI-3) were
recorded and placed at 28.8 and 27.7 ka (Rasmussen et al.,
2014). The lower part of KG-5756/57 corresponds to the late
phase of MIS 3 or the MIS 3-MIS 2 transition (Stojakow-
its et al., 2021), as inferred from the radiocarbon age of a
charcoal fragment (ca. 28.9-27.8 ka cal BP, Table 1) deriving
from the basal tundra gley. Gleyic features from this period
are also reported from other LPSs in the Alpine realm (Buch
and Zoller, 1990; Moine et al., 2017; Mayr et al., 2017b)
and related to a warming event, possibly related to GI-4 with
milder climate conditions (Mayr et al., 2017b; Stojakowits et
al., 2021). This timeframe is also supported by luminescence
data for the loess unit between tundra gley and the main ar-
chaeological horizon AH 2 (KG-931, KG-932 and KG-1482,
KG-1483; Fig. 2a, c; Table 2). A connection of the deposi-
tion of this sediment to Greenland Stadial 3 (GS-3) has been
proposed by Héndel et al. (2021).

For the loess build-up, palacowind intensity plays an im-
portant role (Buggle et al., 2008; Ludwig et al., 2021). In
general, grain-size distribution in loess is mainly linked to
wind intensity and thus may provide information about the
distance as well as the main source of the sediment (Gavrilov
et al., 2018) in combination with single-grain geochemical
provenancing (Ujvari and Klotzli, 2015). Colder periods are
associated with high wind intensity, resulting in an accu-
mulation of coarser grains, whereas the distribution of finer
grains is related to weaker or constant winds in warmer peri-
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ods (Novothny et al., 2011). However, this simplified relation
is weakened if the distance to the source changes in time and
valid only if several other factors like topography play a mi-
nor role (Ujvari et al., 2016b). Grain-size parameters such as
the U ratio combined with clay content (Vanderberghe et al.,
1997; Vanderberghe, 2013) or the grain-size index (Rousseau
et al., 2002) are often used to reconstruct wind dynamics. In
KG-5756/57, the clay content is slightly higher in the basal
tundra gley, while the U ratio and the grain-size index show
lower values. This is in accordance with previous findings,
e.g. in the Nussloch section in Germany, where higher grain-
size indices were found in coarser grain-sized loess while the
lowest values corresponded to tundra-gley units (Rousseau et
al., 2002). Higher grain-size indices were further correlated
with higher §'C values, which was explained by stronger
wind dynamics accompanied by drier environmental condi-
tions and decreased vegetation cover. This pattern, however,
is not clearly evident in our study, where a significant trend
is absent in the 813C0rg record and the dominant grain-size
fraction is cSi (Fig. 4). This is also reflected by the geochem-
ical composition; silicon (Si) in aeolian sediments is prefer-
entially linked to grain-size fractions like coarse silt and sand
(Mubhs and Bettis, 2000; Buggle et al., 2008), which explains
the constantly high amounts of Si in both analysed profiles
(Fig. 6). However, the overall percentage of coarse sand is
rather low, pointing to reduced wind intensities and continu-
ous dust accumulation. According to Novothny et al. (2011),
a coarse sand content of < 0.5 % refers to lower palacowind
intensities, indicating rather low wind energy during loess
deposition, which is documented for both analysed profiles
(KG-5753 and KG-5756/57). It is noticeable, though, that
the sand fraction is more prevalent shortly above and be-
low the main archaeological layer (AH 2) in both profiles
(Fig. 4). This could point to an increase in wind intensity dur-
ing these specific periods. Physical weathering of the stone
slabs, introduced by hunter-gatherer occupants into the ar-
chaeological layer from nearby rock sources, can largely be
excluded as a source for the sand fraction due to its short
exposure to the atmosphere. Examinations of the profiles in
the field, however, also revealed the presence of undulating
sandy bands of a few centimetres’ thickness. As the site is
located between two erosion channels with gradients to the
north, south, and east, this is more likely a result of slope
processes (e.g. solifluction or surficial creep) and thus at-
tributable to the overall topography rather than to aeolian
processes.

To summarise, based on the proxies we evaluated, we
could not find indications for a period of ameliorated climate
during the AH 2 phase, as previously postulated by Haesaerts
and Damblon (2016). Our data suggest rather constant envi-
ronmental conditions before, during, and after the formation
of AH 2. Only the tundra gley exposed at the base of KG-
5756/57 points at more favourable conditions.
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6 Conclusions

We applied a multi-proxy approach to two profiles ex-
posed by recent excavations at the Upper Palaeolithic site
of Kammern-Grubgraben, including analyses of grain size,
organic geochemistry (TOC, TN, C /N, 613C0rg), inorganic
geochemistry (XRF-based elemental counts, CaCO3), and
stable isotope analyses (§'3C, §'80) of secondary carbonates
(HC, CRCQ). In addition, we radiocarbon-dated different ma-
terial from the same stratigraphic layers and compared these
to previously obtained ages (AH 2). Our analyses showed
that secondary carbonates and humic acids were formed dur-
ing the Holocene as manifested by their radiocarbon ages.
Therefore, loess profiles in the excavation area are over-
printed by Holocene deep-rooting vegetation. In our study,
we were able to extract, for the first time, a sufficiently large
charcoal sample for obtaining a radiocarbon age of 28 930—
27 830 cal BP from the tundra gley underneath AH 2, which
could be related to interstadial conditions during GI-4 or GI-
3. Terrestrial gastropods provided another source for radio-
carbon ages, albeit the low sample amounts probably affected
dating quality.

XRF core scanning provided high-resolution element dis-
tributions, which were calibrated using centred log-ratio
transformation. Ca represents the most pronounced element
record and is in agreement with the independently analysed
CaCOs; record. To our knowledge, we provide the first con-
tinuous XRF-scanning record on a European loess sequence
and demonstrate that this technique provides reliable results
for the most abundant elements.

In order to provide more detailed information about
palacoenvironmental and climatic conditions, extractions of
longer, undisturbed LPSs are essential for future studies, as
the studied sections were rather short and close to the mod-
ern surface. In addition, material suitable for radiocarbon
age determination is scarce outside of archaeological hori-
zons, causing difficulties for obtaining chronological con-
trol. Such prerequisites make it worthwhile to examine LPSs
from sites as close by as possible to the archaeological site
to obtain more datable material. XRF scanning could be ex-
tremely useful to synchronise these LPSs with the archaeo-
logical trench sections.
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